Abstract-In this paper, a novel compact ultra-wideband (UWB) power divider with triple-notched bands is investigated. Firstly, the initial UWB power divider is studied using a couple of square ring quad-mode resonators. Then, by embedding a pair of coupled triple-mode stepped impedance resonators (TMSIRs) into the initial UWB power divider, three desired notched bands are achieved. The central frequencies of the notched bands can be easily controlled by the electrical length of the TMSIRs. To validate the design theory, a novel compact UWB power divider with triple notched bands centered at frequencies of 3.7 GHz, 5.2 GHz and 7.8 GHz is designed and measured. The simulated and measured results indicate that it has a low insertion loss and good return loss performance at all the three ports and a high isolation between the two output ports across the UWB bandwidth from 3.1 to 10.6 GHz.
of 3.7 GHz, 5.2 GHz and 7.8 GHz is designed and measured. Both simulation and experimental results are provided with good agreement. Figure 1 shows the layout of the proposed initial UWB power divider. All the dimensions are selected as follows: l 0 = 6 mm, l 1 = 5.7 mm, l 2 = 2.9 mm, l 3 = 4.4 mm, l 4 = 2.1 mm, l 5 = 4.1 mm, l 6 = 2.0 mm, l 7 = 5.7 mm, l 8 = 1.5 mm, w 0 = 1.1 mm, w 1 = 0.7 mm, w 2 = 0.7 mm, w 3 = 0.5 mm, w 4 = 0.1 mm, w 6 = 1.2 mm, w 7 = 0.6 mm, r 0 = 0.3 mm. The size of the whole circuit is 20 mm × 30 mm.
INITIAL UWB POWER DIVIDER
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Output_2 The measurement was carried out on the network analyser Agilent 85052D. The measured and simulated results are shown in Figure 2 . As we can see from Figure 2 , the fabricated UWB power divider has a passband from 2.1 GHz to 11.7 GHz. The return loss is under −10 dB and the insertion loss is close to 3 dB, which ensures the good transmission performance in the passband. 
TRIPLE-MODE SIR ANALYSIS
Figure 3(a) shows the geometry of the proposed TMSIR. It consists of two half-wavelength SIRs and two short-circuited stubs on its center plane. Since the resonator is symmetrical to the T -T ′ plane, the odd-even-mode method is implemented. For odd-mode excitation, the equivalent circuit is one quarterwavelength resonator with one end grounded, as shown in Figure 3(b) . From the resonance condition of Y ino = 0, the odd-mode resonant frequency can be deduced as:
where f ino is the center frequency of the notch band, ε eff the effective dielectric constant, and c the light speed in free space. For even-mode excitation, the equivalent circuit is shown in Figure 3 (c), which contains two resonant circuits: a quarter-wave-length resonator and a half-wavelength resonator, as shown in and (e). The even-mode resonant frequencies can be determined as follows:
where Z 1 = Z 3 = Z 4 is assumed for simplicity. The resonance frequencies can be determined by the electrical length. The TMSIR can result in triple band-stop performance when being placed next to the microstrip line, and it can be equivalent to three shunt-connected series resonance circuits. The TMSIR can result
Le2 in triple band-stop (i.e., the triple notched-bands) performance when being placed next to the microstrip line, and it can be equivalent to three shunt-connected series resonance circuits, as shown in Figure 4 . In this paper, the coupled TMSIR dimensions are selected as follows: w e1 = 0.3 mm, w e2 = 0.4 mm, w e3 = 1.1 mm, w e4 = 0.1 mm, l e1 = 2.3 mm, l e2 = 1.6 mm, l e3 = 1.5 mm. The figure shows that the current is more sparsely distributed as it nears the areas marked in blue, while its distribution grows denser in the red areas. Maximum and minimum values are set to be equal in order to allow an accurate comparison among Figures 5(a)-(c) . Therefore, by appropriately adjusting the resonator dimensions, triple notched bands can be achieved at desired frequencies.
The bandwidth of the notched band can be controlled by tuning the coupling coefficient k m of the coupled TMSIR as illustrated in Figure 6 . It should be mentioned that the coupling coefficient k m is defined by:
Referring to Figure 6 (a), the coupling coefficient k m decreases as increasing W gap . Referring to Figure 6 (b), the stronger coupling between the TMSIR and the main transmission line is, the wider bandwidth of the notched band will be. Thus, the bandwidth of the notched band can be controlled by suitably shifting the coupling coefficient between the TMSIR and the main transmission line. 
EXPERIMENTAL RESULTS
When a pair of coupled TMSIRs is embedded into the initial UWB power divider, a novel UWB power divider with triple notched bands is proposed and designed as shown in Figure 7 . The simulation was accomplished using EM simulation software IE3D, which is an electromagnetic wave simulator based on the method of moment. Figure 8 plots the full-wave simulated and measured S-parameters of the proposed UWB power divider with triple notched bands. The notched bands have high selectivity (3 dB bandwidths are 7.4%, 5.2%, and 6.4%, respectively) and the attenuation is more than 10 dB at the center frequency. The port isolation between the two outputs is all over than 10 dB over the UWB band. The deviations of the measurements from the simulations are expected mainly due to the reflections from the connectors and the finite substrate. Table 1 , demonstrates that the proposed UWB divider has good characteristics. 
CONCLUSION
In this work, a high-performance UWB power divider with triple highly rejected notched bands using TMSIRs has been successfully implemented and investigated. Firstly, the initial UWB power divider is studied using a couple of square ring quad-mode resonators. Then, the characteristics of the proposed TMSIR are investigated by using even-and odd-mode analysis. Finally, by embedding a pair of coupled TMSIRs into the initial UWB power divider, three desired notched bands are achieved. The three notched-bands can be easily tuned to the desirable frequency location by controlling the parameters of the TMSIRs. The introduced TMSIRs is simple and flexible for blocking undesired narrow band radio signals appeared in UWB band. Using the advantage of small real estate, outstanding performance can be realised for broadband power divider, which is now widely demanded in UWB applications. To summarise, the proposed power divider is very useful for modern UWB wireless communication systems owing to its marked properties of simple topology, compact size, and excellent performance.
